We report the lens mass and distance measurements of the nearby microlensing event TCP J05074264+2447555. We measure the microlens parallax vector π E using Spitzer and ground-based light curves with constraints on the direction of lens-source relative proper motion derived from Very Large Telescope Interferometer (VLTI) GRAVITY observations. Combining this π E determination with the angular Einstein radius θ E measured by VLTI GRAVITY observations, we find that the lens is a star with mass M = 0.495 ± 0.063 M at a distance D L = 429 ± 21 pc. We find that the blended light basically all comes from the lens. The lenssource proper motion is µ rel,hel = 26.55 ± 0.36 mas yr −1 , so with currently available adaptive-optics (AO) instruments, the lens and source can be resolved in 2021. This is the first microlensing event whose lens mass is unambiguously measured by interferometry + satellite parallax observations, which opens a new window for mass measurements of isolated objects such as stellar-mass black holes.
INTRODUCTION
resolving the source and lens ∼ 5-20 years after the microlensing event and thus directly measure the lens flux (e.g., Alcock et al. 2001; Batista et al. 2015; Bennett et al. 2015; Bhattacharya et al. 2018 ). The additional mass-distance relationship from the lens flux, combined with the constraints from the angular Einstein radius θ E and/or the microlens parallax, can yield the mass and distance of the lens system (e.g., Dong et al. 2009; Beaulieu et al. 2018 ). However, this method is not feasible for dark lenses such as free-floating planets and black holes.
Here we report the lens mass measurement of the nearby microlensing event TCP J05074264+2447555 (hereafter referred to as "TCP J0507+2447" for brevity) by a joint analysis of ground-based, Spitzer, and VLTI GRAVITY observations of Dong et al. (2019) . The paper is structured as follows. In § 2, we introduce the ground-based and Spitzer observations. We then describe the light curve modeling process in § 3. In § 4, we derive the physical parameters of the lens. Finally, we discuss the implications of our work in § 5.
OBSERVATIONS
TCP J0507+2447, at equatorial coordinates (α, δ) J2000 = (05: 07:42.72, +24:47:56.4, Gaia Collaboration et al. 2018) , corresponding to Galactic coordinates ( , b) = (178.76, −9.33), was first discovered by the Japanese amateur astronomer Tadashi Kojima (Gunma-ken, Japan) on UT 2017-10-25.688. For ground-based data, we choose the light curves used by Dong et al. (2019) , including the data from All-Sky Automatic Survey for Supernovae (ASAS-SN; Shappee et al. 2014) , 0.6 m telescopes at Post Observatory (RP), 0.5 m Iowa Robotic Telescope (Iowa) at the Winer Observatory (Arizona, USA), 0.4m telescope at Auckland Observatory (AO), and the 1.3m SMARTS telescope (DePoy et al. 2003) at Cerro Tololo Inter-American Observatory (CTIO). We supplement it with CTIO V -band data to derive the V HL color-color relation. All the ground-based data were calibrated to standard magnitude systems. For further descriptions of our ground-based data and their availability in digital format, see Appendix § B.
For Spitzer, we submitted a Director Discretion Time (DDT) proposal (Dong et al. 2017) to observe the TCP J0507+2447 on 2017 November 7, and it was approved on 2017 November 9. Due to the Sun-angle limit, it did not start taking observations until 2017 December 19 (HJD = 8107.2, HJD = HJD − 2450000). The observations ended on 2018 January 23 (HJD = 8143.7). In total, 21 data points were taken, all using the 3.6 µm channel (L−band) of the IRAC camera. The data were reduced by the method presented by Calchi Novati et al. (2015b) . Figure 1 shows the TCP J0507+2447 data together with the best-fit single-lens model. In this section, we analyze the data with a single-lens model. Nucita et al. (2018) reported a short-duration planetary anomaly near the peak of the event, and we discuss the planetary-lens modeling in Appendix § A, in order to double check whether the measurements of the microlens parallax π E is affected by the planetary model.
LIGHT CURVE ANALYSIS

Ground-based data only
The single-lens model has three parameters t 0 , u 0 , t E (Paczyński 1986 ) to calculate the magnification as a function of time A(t): the time of the maximum magnification t 0 , the impact parameter u 0 (in units of the angular Einstein radius θ E ), and the Einstein radius crossing time t E . For each data set i, we introduce two flux parameters (f S,i , f B,i ) in order to model the observed
where f S,i represents the flux of the source star, and f B,i represents any blended flux that is not lensed in the photometric aperture. In addition, to fit the orbital microlens parallax, we parameterize the microlens parallax effects by π E,N and π E,E , which are the North and East components of the microlens parallax vector (Gould 2004) , respectively. We also fit u 0,⊕ > 0 and u 0,⊕ < 0 solutions to consider the "ecliptic degeneracy" (Jiang et al. 2004; Poindexter et al. 2005) . We find π E = 0.13 ± 0.47 for the u 0,⊕ > 0 solution and π E = 0.67 ± 0.52 for the u 0,⊕ < 0 solution. The likelihood distributions of (π E,N , π E,E ) from ground-based data are shown in Figure 2 .
Satellite parallax
For TCP J0507+2447, Spitzer took observations in 1.7 < (t − t 0,⊕ )/t E < 3.1. We can estimate the microlens parallax by
where D ⊥ is the projected separation between the Spitzer satellite 1 and Earth at the time of the event. Generally, the four possible values of ∆β result in a set of four degenerate solutions (Refsdal 1966 ; see also Figure 1 from Gould 1994) . However, the four solutions merge into two disjoint (u 0,⊕ > 0 and u 0,⊕ < 0) solutions because the Spitzer data commence well after t 0,Spitzer (Gould 2019) . In addition, we include a V HL color-color constraint on the Spitzer source flux f s,Spitzer (e.g., Calchi Novati et al. 2015a ), which adds a χ 2 Color into the total χ 2 total ,
where (V − L) S is the source color from the modeling, (V − L) fix is the color constraint, and σ cc is the uncertainty of the color constraint. To derive the color constraint, we extract the CTIO V -and Hband and Spitzer L-band photometry for stars within 1 (10 stars in total), and fit for the two parameters c 0 and c 1 in the equation
where X p = 3.14 is a pivot parameter chosen to minimize the covariance between c 0 and c 1 . We get c 0 = 2.370 ± 0.016, c 1 = 0.988 ± 0.043. We derive the source color by regression of CTIO V versus H flux as the source magnification changes, and find (V CTIO − H CTIO ) S = 2.096 ± 0.024, (V − L) fix = 1.34 ± 0.06. We apply the color constraint to the modeling and find π E = 0.68 ± 0.23 for the u 0,⊕ > 0 solution and π E = 1.01 ± 0.34 for the u 0,⊕ < 0 solution.
The measured satellite parallax above is a combination of orbital parallax and satellite parallax. To investigate the satellite parallax from the Spitzer data, we fix (t 0 , u 0,⊕ , t E ) from the best-fit non-parallax model, and fit the parallax only with Spitzer data and the color constraint. We find the resulting "Ground + Spitzer" parallax is an intersection of the satellite parallax, which is nearly a circle, and the orbital parallax, which is nearly a straight line. Gould (2019) shows that the nearly circular shape of the satellite-parallax contours are due to partial overlap of a series of osculating, exactly circular, degeneracies in the π E plane, and similar satellite-parallax shapes have been detected in two Spitzer planetary events (Jung et al. 2019; Gould et al. 2019 ). The best-fit parameters for the u 0,⊕ > 0 and u 0,⊕ < 0 solutions are shown in Tables 2 and 3, respectively. The likelihood distributions of (π E,N , π E,E ) from "Spitzer-only" and "Ground + Spitzer" are shown in Figure 2 
and for the "luminous lens " model,
We include the constraint of the parallax direction by adding a χ 2 VLTI into the total χ 2 total ,
where Φ VLTI is the parallax direction from the modeling, and σ VLTI = 0.4 • is the uncertainty of the VLTI parallax direction. The best-fit parameters are shown in Tables 2 and 3, and its likelihood distributions of (π E,N , π E,E ) are shown in Figure 3 . For both the "no lens light" model and the "luminous lens" model, the u 0,⊕ < 0 solution is disfavored by ∆χ 2 > 41. Actually, from the likelihood distributions of (π E,N , π E,E ) from "Ground + Spitzer" data shown in Figure 2 , we can see that the VLTI parallax direction for the u 0,⊕ < 0 solution is inconsistent with the constraint from the "Ground + Spitzer" data. Thus, we reject the u 0,⊕ < 0 solution.
PHYSICAL PARAMETERS
Is the lens luminous?
For the "no lens light" model, VLTI measured the angular Einstein radius θ E = 1.850 ± 0.014 mas, and the light curve modeling shows π E = 0.476 ± 0.061, so the lens mass M L = 0.477 ± 0.061M and the lens source relative parallax π rel = θ E π E = 0.880 ± 0.113 mas. The parallax of the "baseline object" has been measured by Gaia second data release (DR2) (Gaia Collaboration et al. 2018; Bailer-Jones et al. 2018) π base = 1.480 ± 0.031 mas (14) which is the flux-weighted mean parallax of the source and the blend in Gaia band,
where η is the fraction of total Gaia flux due to the blending, π B is the parallax of the blending. The Gaia band is qualitatively similar to V band, and the best-fit solution of the "no lens light" model has f B,V /f S,V ∼ 0.04, so we estimate π S ∼ π base , and D L = AU/(π rel + π S ) = 424 ± 14 pc. Using the MIST isochrones 2 with age ≥ 2Gyr, the lens has an absolute K-band magnitude of K L,0 = 5.7 ± 0.3. Dong et al. (2019) has found that the source suffers from an extinction A K,S = 0.155, we thus estimate the extinction of the lens A K,L ∼ A K,S D L /D S = 0.097. As a result, the apparent K-band magnitude of the lens is
which is ∼ 13% of the 2MASS baseline K = 11.680 ± 0.018. Thus, the lens is luminous, and we reject the "no lens light" model. Table 4 shows the blend in H-, I-, R-, V -bands from the best-fit "luminous lens" model, which shows that the blend is detected in all bands. To estimate the lens apparent brightness, we use the angular Einstein radius θ E = 1.891 ± 0.014 mas and π E = 0.469 ± 0.060 of the "luminous lens" model, and follow the procedure in Section 4.1. For extinction, we adopt the extinction law of Cardelli et al. (1989) and estimate the extinction of the lens in λ band A λ,L ∼ A λ,S D L /D S . The predicted lens apparent magnitude is shown in Table 4 . We find that the predicted lens apparent magnitude is consistent with the blend within 1σ in all bands. Thus, the blended light basically all comes from the lens.
Blend = Lens?
Lens parameters
According to the best-fit "luminous lens" model, the lens mass
the lens-source relative parallax π rel = θ E π E = 0.887 ± 0.114 mas.
Combining Equations (1), (14) and (15), we obtain π L = π base + (1 − η)π rel = 2.332 ± 0.114 mas;
where we adopt η = f B,V /(f S,V + f B,V ) = 0.040 ± 0.016 from the best-fit "luminous lens" model as the fraction of total Gaia flux due to the lens. The geocentric and heliocentric relative proper motion are 
where v ⊕,⊥ = (1.47, 23.29) km s −1 is Earth's projected velocity on the event at t 0 . The proper motion of the "baseline object" has been measured by Gaia µ base (N, E) = (−7.330, −0.228) ± (0.033, 0.061) mas yr −1 ,
which is also the flux-weighted mean proper motion. Thus, the lens and source proper motion are µ L (N, E) = µ base + (1 − η)µ rel,hel = (−28.89, 13.39) ± (0.41, 0.61) mas yr −1 ;
µ S (N, E) = µ base − ηµ rel,hel = (−6.43, −0.80) ± (0.36, 0.23) mas yr −1 .
We summarize the derived lens parameters in Table 5 .
DISCUSSION AND CONCLUSION
We have reported the analysis of the microlensing event TCP J0507+2447. The combination of the angular Einstein radius θ E measured by VLTI GRAVITY observations, and the direction of microlens parallax π E constrained from VLTI GRAVITY observations, Spitzer observations and ground-based observations, reveals that the lens is a M L = 0.495 ± 0.063 M star at D L = 429 ± 21 pc. We also note that Fukui et al. (2019) reported the lens mass and distance of TCP J0507+2447 to be M L = 0.581±0.033 M star at D L = 505±47 pc, which is a combination of finite-source effects, Keck AO image, spectroscopy, annual parallax and VLTI observations (see Table 4 and Figure 9 of Fukui et al. 2019) . That is, their mass estimate is 1.2 σ higher than ours. We note that Fukui et al. (2019) used spectroscopy to determine the source distance and got D S = 800 ± 130 pc. If we adopt Gaia parallax, the angular Einstein radius θ E measured by VLTI GRAVITY observations and the lens flux constraints of Fukui et al. (2019) , we get M L = 0.527 ± 0.032 M star at D L = 434 ± 12 pc, which is in agreement with our measurements within 1σ. Using current AO instruments, Batista et al. (2015) ; Bennett et al. (2015) ; Bhattacharya et al. (2018) resolved the lens and source for cases that these have approximately equal brightness when they were separated by 34-60 mas. In this case, the lens-source proper motion is µ rel,hel = 26.55 ± 0.36 mas yr −1 , and the lens is about 1.8 mag fainter than the source in H-band. We estimate that it will probably require ∼ 80 mas to resolve the source and lens. Thus, the derived physical parameters of our work can be verified by currently available AO instruments in 2021 and later. This is the first microlensing event whose lens mass has been unambiguously measured by interferometry (VLTI GRAVITY) + satellite (Spitzer) parallax observations. Interferometry + satellite parallax is a new method to measure the mass of isolated objects. The detection frequency of finite-source effects in a single event is only ∼ 2% (Zhu et al. 2016; Zang et al. 2019) , so interferometric observation such as VLTI GRAVITY is a complementary approach to measurements of the angular Einstein radius θ E . In addition, interferometry can provide additional constraints on the microlens parallax direction, which is helpful for breaking degeneracy in the parallax measuremnets (Refsdal 1966; Gould 1994) . Gould (2000b) estimated that ∼ 20% of Galactic microlensing events are caused by stellar remnants, and specifically that ∼ 1% are due to stellar-mass black-hole lenses. Some black-hole candidates (Mao et al. 2002; Bennett et al. 2002; Wyrzykowski et al. 2016) have been reported by microlensing surveys, but none of these candidates had finite-source effects. Therefore, interferometry observations such as VLTI GRAVITY + satellite parallax opens up a new window for decisively confirming black-hole candidates by measuring their masses. Nucita et al. (2018) reported a planetary companion in the TCP J0507+2447 lens system. Using the derived lens parameters, we infer the planet mass to be
The projected planet-host separation is
0.79 ± 0.04 AU for s ∼ 0.975,
where s is the planet-host projected separation in units of θ E . Following the procedure of Han et al. (2019) , we estimate the radial-velocity (RV) amplitude v sin(i) ∼ 2.3 m s −1 with a period of ∼ 1.3 yr, which may be detectable by high-resolution spectrometers such as VLT/Espresso with 4 VLT telescopes. In addition, the snow line radius of the lens system is a SL ∼ 2.7(M/M ) = 1.3 AU (Kennedy & Kenyon 2008) . Thus, this is the first Neptune within the snow line detected by microlensing.
We thank Tianshu Wang and Jennifer Yee for fruitful discussions. We are grateful to Robin Leadbeater and Paolo Berardi for making their spectroscopic observations available to us during the observing campaign. S.D. and P.C. acknowledges Projects 11573003 supported by the National Science Foundation of China (NSFC). W.Z., H.Y., S.-S.L. and S.M. acknowledges support by the National Science Foundation of China (Grant No. 11821303 and 11761131004 Nucita et al. (2018) reported a short-duration anomaly near the peak of the event, indicating that the lens star has a planetary companion with planet-host mass ratio q = 1.1 × 10 −4 . To double check the parallax measurements, we fit the event with the binary-lens model. Besides the three parameters t 0 , u 0 , t E introduced in § 3.1, the binary-lens model has four other parameters (s, q, α, ρ) . Here, q is the companion-host mass ratio, s is the companion-host projected separation in units of θ E , α is the angle between the source trajectory and the binary axis in the lens plane, and ρ is the source radius normalized to θ E .
We fix (s, q, α) as the best-fit values shown in Nucita et al. (2018) . We include the satellite parallax and the constraints from VLTI GRAVITY. We consider the so-called "minor-image perturbation degeneracy" (e.g., Koshimoto et al. 2017b; Calchi Novati et al. 2019; Han et al. 2018) found by Nucita et al. (2018) : s = 0.935 ± 0.004 and s = 0.975 ± 0.004. Table 6 shows the best-fit parameters. For all the solutions, the resulting parallax is consistent with the results of the single-lens model within 1σ. Thus, different models (single-lens and binary-lens) do not have significant influence on the parallax and thus the mass measurements.
B. GROUND-BASED PHOTOMETRIC OBSERVATIONS
We summarize the ground-based photometric observations collected during our observing campaign in Table B . The ASCII data will be made available upon publication. 
